Micro- and macrovascular complications develop in a subset of individuals with type 1 diabetes. The severity of comorbid complications is especially striking in patients with established diabetic nephropathy, who have an 18.3-fold increased all-cause mortality rate when compared with the general population ([@B1]). Diabetic nephropathy clusters in families ([@B2]), which emphasizes the importance of an inherited genetic component. Diabetic retinopathy is another microvascular complication that has an inherited susceptibility (heritability of *h*^2^ = 0.52 in the Finnish population) ([@B3]).

Along with a genetic background, the lifetime glucose exposure increases the risk of diabetes complications. In the follow-up of the Diabetes Control and Complications Trial, known as the Epidemiology of Diabetes Interventions and Complications (EDIC) study, patients with conventional blood glucose control were more prone to diabetes than patients with intensive glucose control ([@B4]). Data from the EDIC and other clinical trials, including the UK Prospective Diabetes Study ([@B5]), indicate that diabetes complications continue to develop and progress even in individuals who have managed to improve their glycemic control, a phenomenon referred to as hyperglycemic memory or the legacy effect. Epigenetic modifications on the DNA and histone proteins represent potential mechanisms to explain the hyperglycemic memory ([@B6]).

In a series of recent experimental studies, it was demonstrated that hyperglycemia can induce specific and long-lasting gene-activating epigenetic changes. In particular, transient hyperglycemia mediates specific changes to histone 3 lysine 4 (H3K4) and lysine 9 (H3K9) ([@B7],[@B8]). In human vascular cells previously exposed to hyperglycemia, the nuclear factor-κB (NF-κB) subunit *RELA* (alias *p65*) gene expression is increased partly as a result of monomethylation of H3K4 (H3K4me1) and decreased di- and trimethylation of H3K9 (H3K9me2 and H3K9me3) in the gene promoter. This upregulation of *RELA* gene expression with concomitant NF-κB activation results in increased expression of inflammatory genes such as *VCAM1* and *MCP1* downstream in the same pathway. Activated NF-κB has also been detected in a variety of renal cell types in patients with diabetic nephropathy as well as in retinal pericytes in diabetic conditions ([@B9],[@B10]).

The gene coding for a histone methyltransferase for H3K4 is the SET domain containing lysine methyltransferase 7 (*SETD7*). The SETD7 protein is also a regulator of DNA (cytosine-5-)-methyltransferase 1 (DNMT1), which is responsible for maintaining DNA methylation patterning in cell divisions ([@B11]). Suppressor of variegation 3--9 homolog 1 (*SUV39H1*) is a histone methyltransferase that catalyzes the methylation of H3K9, which is associated with the suppression of transcription. *SUV39H2* is another H3K9-selective methyltransferase that shares strong sequence homology with *SUV39H1*. On the basis of previous experimental studies, it appears that these enzymes (SETD7 and SUV39H1/H2) are playing a pivotal role in the glucose-mediated inflammatory response and are therefore candidate genes for diabetic vascular complications, conditions where chronic inflammation is often observed.

In this study, genetic variation of *SETD7* (chr4q31.1), *SUV39H1* (chrXp11.23), and *SUV39H2* (chr10p13) was studied in relation to micro- and macrovascular complications in a large well-characterized population of Finnish patients with type 1 diabetes. Selected single nucleotide polymorphisms (SNPs) were genotyped in replication cohorts from the Steno Diabetes Center and All Ireland/Warren 3/Genetics of Kidneys in Diabetes (GoKinD) U.K. study.

RESEARCH DESIGN AND METHODS {#s5}
===========================

Discovery population. {#s6}
---------------------

Patients were from the nationwide Finnish Diabetic Nephropathy Study (FinnDiane). At the baseline visit, patients underwent a thorough clinical investigation in conjunction with a regular visit to the attending physician. A total of 2,991 patients with type 1 diabetes were included. Type 1 diabetes was defined as age at onset ≤35 years and permanent insulin treatment initiated within a year from diagnosis. Patients were divided into three groups according to urinary albumin excretion rate (AER) in two out of three consecutive overnight or 24-h urine collections. Normal AER was defined as an AER \<20 μg/min or \<30 mg/24 h, microalbuminuria as an AER ≥20 and \<200 μg/min or ≥30 and \<300 mg/24 h, and macroalbuminuria as an AER ≥200 μg/min or ≥300 mg/24 h. End-stage renal disease (ESRD) was defined as patient either having received a kidney transplant or undergoing dialysis. Patients with inadequate AER data were excluded from all analyses (*n* = 22, \<1% of total cohort). There were altogether 810 case subjects with diabetic nephropathy (macroalbuminuria or ESRD) and 1,070 control subjects with AER within the normal range despite diabetes duration ≥15 years ([Table 1](#T1){ref-type="table"}). Diabetic retinopathy was defined as patient having undergone laser treatment (*n* = 1,180), and control subjects were patients without laser treatment (*n* = 1,785). Cardiovascular disease (CVD) (*n* = 298) was defined as any of the following events: myocardial infarction, coronary artery procedure, stroke, limb amputation, or peripheral artery procedure. CVD control subjects (*n* = 341) had no CVD and normal AER despite an age of ≥45 years.

###### 

Clinical characteristics of the FinnDiane patients

                                                    Nephropathy      Retinopathy                       
  ------------------------------------------------- ---------------- ---------------- ---------------- ----------------
  *n*                                               810              1,070            1,167            1,785
  Sex (% male)                                      59.4             43.8             57.3             48.3
  Age (years)                                       42.0 ± 9.4       41.4 ± 11.4      43.1 ± 9.8       35.1 ± 11.5
  Age at diagnosis (years)                          11.6 ± 7.0       14.1 ± 8.2       11.9 ± 7.3       15.9 ± 8.6
  Duration of diabetes (years)                      30.3 ± 8.1       27.2 ± 9.2       31.2 ± 8.3       19.2 ± 10.6
  BMI (kg/m^2^)                                     25.3 ± 3.9       25.0 ± 3.2       25.3 ± 3.8       24.9 ± 3.3
  SBP (mmHg)                                        147 ± 21         132 ± 17         143 ± 20         130 ± 16
  A1C (%)                                           8.9 ± 1.6        8.2 ± 1.3        8.7 ± 1.5        8.4 ± 1.5
  Current smoker (%)                                22.7             17.8             21.1             24.3
  Triglycerides (mmol/L)                            1.5 (0.4−11.3)   0.9 (0.3−10.2)   1.2 (0.3−11.3)   1.0 (0.3−10.2)
  eGFR (mL ⋅ min^−1^ ⋅ 1.73 m^−2^)                  56 ± 33          98 ± 17          70 ± 34          101 ± 21
  Nephropathy status                                                                                   
   Normal AER (%)                                   0                100              23.3             81.4
   Microalbuminuria (%)                             0                0                17.7             12.1
   Macroalbuminuria (%)                             66.9             0                36.9             6.1
   ESRD (%)                                         33.1             0                22.0             0.4
  Retinopathy (%)[\*](#t1n1){ref-type="table-fn"}   84.9             24.8             100              0
  CVD (%)                                           25.8             5.9              21.2             2.6

Data are means ± SD or medians (range) unless otherwise indicated.

\*Laser-treated diabetic retinopathy.

Clinical examination. {#s7}
---------------------

Blood pressure was measured twice, and the average was calculated. Mean arterial pressure (MAP) was estimated from systolic blood pressure (SBP) and diastolic blood pressure (DBP) measurements. Height and weight were measured and BMI was calculated. Current smoking was defined as smoking at least one cigarette per day. The estimated glomerular filtration rate (eGFR) was calculated using the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) equation ([@B12]). A blood sample was obtained to determine A1C and serum lipids and for DNA extraction. A1C was measured by standardized immunoassays. Serum lipids and lipoprotein concentrations were measured by automated enzymatic methods.

Replication populations. {#s8}
------------------------

Danish patients with type 1 diabetes were recruited from the Steno Diabetes Center. Diabetic nephropathy was defined as macroalbuminuria or ESRD and no other kidney disease. Altogether, 452 case subjects with diabetic nephropathy and 432 control subjects with normal AER and diabetes duration ≥15 years were included. Diabetic retinopathy was graded as nil, simplex, or proliferative retinopathy, and patients with proliferative retinopathy were compared with patients with no retinopathy. Cardiovascular events studied were stroke and myocardial infarction. Clinical characteristics of the Steno cohort are presented in [Table 2](#T2){ref-type="table"}.

###### 

Clinical characteristics of the replication populations

                                                    Steno cohort    GoKind U.K. cohort                                                                             
  ------------------------------------------------- --------------- -------------------- --------------- --------------- ------------- ------------- ------------- -------------
  *n*                                               452             432                  416             159             718           749           556           382
  Sex (% male)                                      60.8            53.2                 56.0            49.7            57.8          42.7          49.5          45.3
  Age (years)                                       45.3 ± 11.5     42.0 ± 10.4          44.5 ± 11.1     44.9 ± 11.7     48.0 ± 10.4   43.5 ± 11.0   45.2 ± 10.4   44.3 ± 11.6
  Age at diagnosis (years)                          13.7 ± 8.2      17.4 ± 8.8           13.5 ± 8.1      18.6 ± 9.3      14.8 ± 7.7    15.5 ± 7.9    14.4 ± 7.6    15.8 ± 7.9
  Duration of diabetes (years)                      28.3 ± 8.8      27.9 ± 10.0          31.0 ± 8.7      26.3 ± 10.8     33.3 ± 9.4    28.1 ± 9.0    30.9 ± 9.1    28.5 ± 9.2
  BMI (kg/m^2^)                                     24.2 ± 3.3      24.2 ± 3.1           24.4 ± 3.5      23.6 ± 2.5      26.3 ± 4.7    26.1 ± 4.2    26.0 ± 4.0    26.0 ± 4.0
  SBP (mmHg)                                        144 ± 22        134 ± 19             145 ± 21        130 ± 17        145 ± 21      125 ± 15      135 ± 21      128 ± 17
  A1C (%)                                           9.4 ± 1.5       8.4 ± 1.1            9.2 ± 1.0       8.2 ± 1.4       8.9 ± 1.8     8.6 ± 1.5     8.9 ± 1.7     8.7 ± 1.6
  Smoking (%)                                       41.6            38.9                 37.7            47.2            42.8          35.4          38.8          36.9
  Triglycerides (mmol/L)                            1.3 (0.3−9.9)   0.8 (0.3−5.4)        1.1 (0.3−9.9)   0.8 (0.3−3.5)   NA            NA            NA            NA
  eGFR (mL ⋅ min^−1^ ⋅ 1.73 m^−2^)                  78 ± 32         102 ± 15             80 ± 30         104 ± 13        NA            NA            NA            NA
  Nephropathy status                                                                                                                                               
  Normal AER (%)                                    0               100                  27.6            96.2            0             100           41.7          90.6
  Macroalbuminuria (%)                              94.7            0                    67.3            3.8             73.1          0             32.7          9.4
  ESRD (%)                                          5.3             0                    5.0             0               26.9          0             25.5          0.3
  Retinopathy (%)[\*](#t2n1){ref-type="table-fn"}   67.9            26.6                 100             0               71.7          52.6          100           0
  CVD (%)                                           9.5             3.7                  9.9             2.5             NA            NA            NA            NA

Data are means ± SD or medians (range) unless otherwise indicated.

\*Proliferative retinopathy diagnosis (in Steno) and self-reported proliferative retinopathy (in GoKind U.K.).

The other replication population was recruited as part of the All Ireland/Warren 3/GoKinD U.K. resources, previously described elsewhere ([@B13]), and referred to as the GoKinD U.K. cohort in this article. In brief, 718 case subjects with diabetic nephropathy and 749 control subjects with no renal disease were included. Retinopathy data were self-reported; 556 were case subjects with proliferative retinopathy and 382 were control subjects ([Table 2](#T2){ref-type="table"}).

The study protocol was approved by the ethics committees of all participating FinnDiane centers, a local ethical committee in Denmark, and research ethics committees in the U.K. and Ireland. The protocol follows the Declaration of Helsinki. Each patient participating in the study provided written informed consent.

Power calculations. {#s9}
-------------------

Power calculations were made using the Genetic Power Calculator (<http://pngu.mgh.harvard.edu/~purcell/gpc>) for the FinnDiane cohort. For diabetic retinopathy, the prevalence was set to 0.4. With a marker allele frequency of 0.05, we have \>90% power (*P* = 0.001) in an allelic association study with odds ratios (OR) of 1.35 for marker allele heterozygotes and 1.7 for homozygotes. For diabetic nephropathy, the same effect sizes were approximated as for diabetic retinopathy and prevalence was set to 0.3. With a marker allele frequency of 0.05, our study cohort gives \>85% power (*P* = 0.05) to detect a difference in an allelic association study. For genotype-based comparisons between case subjects and control subjects a marker allele frequency of 0.05 is sufficient to reach 80% power (*P* = 0.05). With the sample set for CVD, we have 80% power (*P* = 0.05) in an allelic association analysis with a minor allele frequency (MAF) of 0.1 and an OR 1.7 in a dominant model.

SNP selection. {#s10}
--------------

Study regions were selected to include the genes and 10 kb outside both the 3′ and 5′ ends of *SETD7*,*SUV39H1*, and *SUV39H2*. SNP genotype data typed in the HapMap CEU (Utah residents with Northern and Western European ancestry from the CEPH collection) population were downloaded from the HapMap (Phase II, Data Release 24). All SNPs with a MAF ≥0.05 and a Hardy-Weinberg equilibrium (HWE) *P* value ≥ 0.001 were included in further selection. Tagger program in Haploview 4.1 software (<http://www.broadinstitute.org/mpg/haploview>) ([@B14]) was used to select markers for genotyping. Tagger was run with a *r*^2^ threshold of 0.8 and pairwise tagging only settings. Twenty-five tagSNPs for *SETD7*, one tagSNP for *SUV39H1*, and 11 tagSNPs for *SUV39H2* were selected to capture variability of 43, 1, and 15 SNP markers, respectively. The average *r*^2^ between tagged SNP and tagSNPs was 0.906 for *SETD7* and 0.885 for *SUV39H2*. Three last 3′ tagSNPs for *SUV39H2* were in the last intron of the adjacent gene *DCLRE1C.* The selected set of SNPs was genotyped in the FinnDiane cohort. All SNPs showing an association (*P* ≤ 0.05) with diabetes complications in this cohort were selected for replication in the Steno and GoKinD U.K. cohorts.

Genotyping. {#s11}
-----------

SNP genotyping of the FinnDiane samples was performed with the Sequenom's MassARRAY iPLEX system (Sequenom, San Diego, CA) except for one SNP. This SNP, as well as all samples from the Steno cohort, were genotyped with TaqMan genotyping technology using an ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA). Two control samples in four replicates and at least eight zero samples (H~2~O) were included in the 384-genotyping plates. After TaqMan PCR, an allelic discrimination was conducted, and genotypes were called with SDS 2.3 software (Applied Biosystems). For the control samples, 100% genotyping accuracy was required. Predesigned TaqMan SNP genotyping assays and one custom assay for rs12572872 were obtained from Applied Biosystems. GoKinD U.K. cohort SNP genotyping was performed with MassARRAY iPLEX Gold (Sequenom).

Statistical analysis. {#s12}
---------------------

Genotype and allele frequencies in case and control subjects were compared with χ^2^ test or with the Fisher exact test where appropriate. X-chromosomal SNP rs3373 was studied separately for men and women. Correction for multiple testing was carried out by calculating the effective number of independent tests using the SNPSpD program (<http://gump.qimr.edu.au/general/daleN/SNPSpD>) and the equation from Li and Ji ([@B15]). The significance limit of the study was assessed first by calculating the effective number of SNPs (21.23) and then multiplying by the number of studied phenotypes ([@B3]). Thus, the significance limit of the study was *P* = 7.8 × 10^−4^ (*P* = 0.05/64). Logistic regression was used to give an OR and 95% CI for the SNP when analyzed with other risk factors for diabetic nephropathy, retinopathy, or CVD. In brief, a major allele homozygote was the reference genotype in all models, and minor allele homozygotes and heterozygotes were combined. All covariates added to the models were significant (*P* \< 0.05) in the univariate logistic regression models. To make the logistic regression model more accurate for the majority of data, outliers were removed before including the SNP data in the models (standardized residuals examined, 0.01 level). For diabetic retinopathy, diabetes duration, A1C, BMI, SBP, and ln triglycerides (information on the triglyceride concentrations was not available from the GoKinD U.K. cohort) were the phenotypic variables in the regression models. For diabetic nephropathy, the variables of diabetes duration, A1C, smoking (yes/no, current smoker in FinnDiane and Steno, and an ever-smoker in the GoKinD U.K. cohort), SBP, and ln triglycerides were inserted in the regression models. CVD was studied with the covariates of diabetes duration, A1C, ln triglycerides, MAP, sex, smoking history (yes/no), and eGFR. In the Steno cohort, the variables in the regression model for CVD were limited to eGFR, A1C, and ln triglycerides because of the smaller number of case subjects.

The Hardy-Weinberg equilibrium was tested with Haploview 4.1. Haplotype analyses were conducted with Haploview, and correction for multiple testing was calculated with a permutation for 100,000 tests. Haplotypes were set with CIs. The Fisher method was used for combining *P* values from χ^2^ tests from three populations studied. A meta-analysis was performed using a fixed-effects meta-analysis in Plink 1.07 software (<http://pngu.mgh.harvard.edu/~purcell/plink>) ([@B16]). In silico gene expression analysis was performed with GeneSapiens ([www.genesapiens.org](http://www.genesapiens.org)) ([@B17]). Exonic splicing enhancer motifs (ESEs) were evaluated with the ESEfinder 3.0 (<http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi>), and the untranslated (UTR) region analysis was performed with UTRScan ([itbtools.ba.itb.cnr.it/utrscan](http://itbtools.ba.itb.cnr.it/utrscan)). MiRNA binding was studied in silico with TargetScan ([www.targetscan.org](http://www.targetscan.org)) and miRbase ([www.mirbase.org](http://www.mirbase.org)).

RESULTS {#s13}
=======

Genotyping. {#s14}
-----------

A total of 23 SNPs out of 25 tagSNPs within *SETD7* were successfully genotyped in the discovery cohort. The rs7680948 was left out from the iPlex because of primer failures, and rs4863655 located 9.7 kb from the gene failed genotyping and was excluded from the analysis. The rs3373 in *SUV39H1* was successfully genotyped, but one male patient was heterozygous for this X-chromosomal SNP and was excluded from the analysis. Nine tagSNPs out of 11 in *SUV39H2* were successfully genotyped ([Fig. 1](#F1){ref-type="fig"}). The rs17156024 failed in genotyping and rs7922341 gave unreliable genotyping results that were studied further with PCR and sequencing. The results still showed unreliable genotype calling (data not shown), and rs7922341 genotypes were excluded. Altogether, genotypes were successfully called for 33 SNPs with average success rates of 0.982, 0.982, and 0.984 for *SETD7*, *SUV39H1*, and *SUV39H2*, respectively (genotypes provided in [Supplementary Tables 2--4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0073/-/DC1)). All samples with a genotyping success rate of ≥0.75 were included in further analyses.

![Genotyped SNPs in the chr10:14,959,424−14,996,308 location (NCBI36 assembly). All putative exons are marked with boxes, and UTR regions are marked with arrows.](3073fig1){#F1}

No deviation from the Hardy-Weinberg equilibrium was observed (*P* \> 0.001). All SNPs showing an association (*P* ≤ 0.05) with any diabetes complication in the FinnDiane were selected for replication. All seven SNPs were successfully genotyped in the Steno and GoKinD U.K. replication cohorts (genotype counts provided in [Supplementary Tables 5--7](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0073/-/DC1)).

Diabetic retinopathy. {#s15}
---------------------

Exonic SNP rs17353856 in the *SUV39H2* and two SNPs rs7900814 and rs12572872 in the last intron of the adjacent gene *DCLRE1C* were associated with diabetic retinopathy in FinnDiane (*P* \< 0.003 for genotypic association, [Table 3](#T3){ref-type="table"}). The minor allele A of rs12572872 was significantly associated with diabetic retinopathy after adjustment for clinical risk factor diabetes duration, A1C, BMI, SBP, and triglycerides (genotypic OR 0.78 \[95% CI 0.62--0.97\], *P* = 0.029). These three SNPs were then analyzed in the Steno and GoKinD U.K. cohorts ([Table 3](#T3){ref-type="table"}). Although the association with rs12572872 could not be replicated, the results followed the same trend in the Steno (OR 0.71 \[0.42--1.26\], *P* = 0.245) and GoKinD U.K. cohorts (OR 0.89 \[0.64--1.23\], *P* = 0.478). The minor allele T of rs17353856 was significantly associated with a decreased risk of diabetic retinopathy in the GoKinD U.K. cohort (OR 0.69 \[0.50--0.95\], *P* = 0.023). In a meta-analysis, this SNP was significantly associated with retinopathy (allelic OR 0.77, *P* = 2.6 × 10^−4^, and genotypic OR 0.75, *P* = 1.2 × 10^−4^). The haplotype consisting of SNPs rs7907802, rs17353856, and rs7900814 was not significantly associated with diabetic retinopathy (haplotype blocks in [Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0073/-/DC1) and retinopathy association in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0073/-/DC1)) when corrected for clinical risk factors (data not shown).

###### 

Diabetic retinopathy association in discovery and replication cohorts and in a meta-analysis

  *SUV39H2*                                                                             MAF (%)   Allelic association   Genotype association                                                                         
  ------------------------------------------- ----------------------------------------- --------- --------------------- ---------------------- ------------------- -------------- -------------- ------------------- --------------
  rs17353856                                  FinnDiane                                 10.5      12.7                  0.015                  0.82 (0.65--1.04)   0.096          0.0017         0.76 (0.61--1.01)   0.064
                                              Steno                                     12.6      14.5                  0.413                  0.90 (0.53--1.53)   0.687          0.703          0.83 (0.45--1.52)   0.546
                                              GoKind U.K.                               13.8      17.2                  0.047                  0.69 (0.50--0.95)   0.023          0.151          0.68 (0.47--0.97)   0.034
                                              Combined[‡](#t3n3){ref-type="table-fn"}                                   0.012                  0.77                2.6 × 10^−4^   0.008          0.75                1.2 × 10^−4^
  rs7900814[§](#t3n4){ref-type="table-fn"}    FinnDiane                                 21.0      23.8                  0.013                  0.90 (0.76--1.08)   0.252          0.0028         0.84 (0.68--1.04)   0.100
                                              Steno                                     28.1      31.8                  0.240                  0.80 (0.53--1.20)   0.279          0.399          0.71 (0.42--1.22)   0.216
                                              GoKind U.K.                               26.2      23.5                  0.190                  1.15 (0.93--1.43)   0.23           0.097          0.93 (0.71--1.20)   0.190
                                              Combined[‡](#t3n3){ref-type="table-fn"}                                                          0.94                0.352          0.0054         0.85                0.015
  rs12572872[§](#t3n4){ref-type="table-fn"}   FinnDiane                                 15.6      18.7                  0.003                  0.83 (0.68--1.01)   0.065          6.0 × 10^−4^   0.78 (0.62--0.97)   0.029
                                              Steno                                     19.5      23.6                  0.148                  0.80 (0.50--1.27)   0.340          0.241          0.71 (0.40--1.26)   0.245
                                              GoKind U.K.                               26.4      27.2                  0.697                  0.88 (0.68--1.14)   0.335          0.710          0.89 (0.64--1.23)   0.478
                                              Combined[‡](#t3n3){ref-type="table-fn"}                                   0.013                  0.84                0.007          0.005          0.79                0.001

\*Two-tailed *P* value from the χ^2^ test. A combined *P* value is calculated with the Fisher method if the effect is in the same direction.

†Logistic regression model with diabetes duration, A1C, BMI, SBP, and ln triglycerides (triglycerides not in the GoKind U.K. cohort).

‡For combined data, a fixed-effects meta-analysis *P* value and OR are given.

§SNP is in the last intron of the adjacent gene *DCLRE1C.*

Diabetic nephropathy. {#s16}
---------------------

In the FinnDiane cohort, rs3373 close to *SUV39H1*, rs17353856 in the *SUV39H2*, and three SNPs in *SETD7* were associated with diabetic nephropathy either in an allelic association analysis or when genotypes were compared ([Table 4](#T4){ref-type="table"}). When adjusted for relevant risk factors (diabetes duration, male sex, SBP, A1C, smoking, and triglycerides), rs17353856 in the *SUV39H2* and rs11100112 and rs2725790 in the *SETD7* remained significantly associated with diabetic nephropathy (OR 0.69 \[95% CI 0.50--0.97\], *P* = 0.030; 0.67 \[0.51--0.88\], *P* = 0.004; and 0.76 \[0.58--0.99\], *P* = 0.043, respectively) ([Table 4](#T4){ref-type="table"}). Seven SNPs were then studied for association with diabetic nephropathy in the replication populations. The rs2592970 in the *SETD7* was found to be associated with diabetic nephropathy in the GoKinD U.K. cohort (*P* = 0.036). This association, however, did not remain after adjustment for clinical risk factors. In a meta-analysis, rs11100112 was significantly associated with decreased risk of diabetic nephropathy (OR 0.76, *P* = 2.5 × 10^−4^), but there was significant heterogeneity between the populations (Cochran *Q* test, *P* = 0.036, [Supplementary Table 8](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0073/-/DC1)). Therefore, the fixed-effect meta-analysis results should be interpreted with caution. A random-effects meta-analysis was tested, but no significant associations were observed.

###### 

Diabetic nephropathy association in discovery and replication cohorts and in a meta-analysis

  Gene                                                                                   MAF (%)   Allelic association   Genotype association                                                             
  -------------------------------------------- ----------------------------------------- --------- --------------------- ---------------------- ------------------- -------- -------- ------------------- --------------
  *SETD7*                                                                                                                                                                                                 
   rs11100112                                  FinnDiane                                 18.0      20.7                  0.044                  0.75 (0.60--0.95)   0.015    0.122    0.67 (0.51--0.88)   0.004
                                               Steno                                     19.0      21.4                  0.210                  0.91 (0.66--1.26)   0.572    0.461    0.84 (0.57--1.24)   0.381
                                               GoKind U.K.                               21.8      22.3                  0.778                  0.99 (0.76--1.29)   0.932    0.486    1.15 (0.83--1.59)   0.404
                                               Combined[‡](#t4n3){ref-type="table-fn"}                                   0.130                  0.83                0.0051   0.303    0.76                2.5 × 10^−4^
   rs2592970                                   FinnDiane                                 37.0      39.3                  0.154                  0.88 (0.73--1.06)   0.177    0.004    0.94 (0.72--1.21)   0.612
                                               Steno                                     35.2      35.8                  0.800                  0.99 (0.75--1.30)   0.919    0.301    1.10 (0.76--1.59)   0.628
                                               GoKind U.K.                               35.1      38.9                  0.036                  0.86 (0.68--1.09)   0.205    0.110    0.86 (0.65--1.24)   0.501
                                               Combined[‡](#t4n3){ref-type="table-fn"}                                   0.094                  0.89                0.047    0.007    0.95                0.523
   rs2725790                                   FinnDiane                                 21.0      22.9                  0.161                  0.78 (0.63--0.98)   0.029    0.053    0.76 (0.58--0.99)   0.043
                                               Steno                                     18.8      19.3                  0.794                  1.02 (0.73--1.42)   0.925    0.252    1.10 (0.74--1.63)   0.650
                                               GoKind U.K.                               18.3      20.6                  0.113                  0.96 (0.73--1.27)   0.761    0.290    0.93 (0.67--1.29)   0.657
                                               Combined[‡](#t4n3){ref-type="table-fn"}                                   0.205                  0.86                0.022    0.085    0.84                0.030
  *SUV39H1*                                                                                                                                                                                               
   rs3373 (men)                                FinnDiane                                 34.3      28.5                  0.060                  1.51 (1.02--2.25)   0.042                                 
                                               Steno                                     27.1      29.5                  0.561                  0.93 (0.55--1.57)   0.780                                 
                                               GoKind U.K.                               24.6      25.3                  0.820                  0.96 (0.69--1.35)   0.760                                 
                                               Combined[‡](#t4n3){ref-type="table-fn"}                                                          1.02                0.840                                 
  *SUV39H2*                                                                                                                                                                                               
   rs17353856                                  FinnDiane                                 9.9       12.0                  0.043                  0.71 (0.53--0.97)   0.029    0.001    0.69 (0.50--0.97)   0.030
                                               Steno                                     12.5      13.6                  0.519                  0.93 (0.62--1.39)   0.709    0.198    0.94 (0.60--1.47)   0.777
                                               GoKind U.K.                               14.1      14.7                  0.652                  0.95 (0.69--1.31)   0.748    0.186    1.00 (0.70--1.44)   0.988
                                               Combined[‡](#t4n3){ref-type="table-fn"}                                   0.206                  0.81                0.0079   0.0023   0.80                0.012
   rs7900814[§](#t4n4){ref-type="table-fn"}    FinnDiane                                 20.4      22.2                  0.189                  0.92 (0.74--1.15)   0.456    0.005    0.87 (0.67--1.13)   0.289
                                               Steno                                     28.5      29.8                  0.561                  0.98 (0.73--1.32)   0.883    0.480    0.96 (0.66--1.40)   0.817
                                               GoKind U.K.                               26.7      28.0                  0.410                  0.93 (0.79--1.10)   0.450    0.400    1.03 (0.84--1.27)   0.430
                                               Combined[‡](#t4n3){ref-type="table-fn"}                                   0.394                  0.93                0.230    0.031    0.95                0.506
   rs12572872[§](#t4n4){ref-type="table-fn"}   FinnDiane                                 15.9      16.8                  0.465                  1.00 (0.78--1.28)   0.990    0.044    1.01 (0.76--1.34)   0.951
                                               Steno                                     20.7      20.3                  0.857                  1.11 (0.79--1.56)   0.543    0.913    1.12 (0.75--1.67)   0.587
                                               GoKind U.K.                               26.3      25.8                  0.734                  1.05 (0.81--1.36)   0.728    0.709    1.07 (0.78--1.47)   0.681
                                               Combined[‡](#t4n3){ref-type="table-fn"}                                   0.934                  1.04                0.667    0.377    1.08                0.555

\*Two-tailed *P* value from χ^2^ test. A combined *P* value is calculated with Fisher method if the effect is in the same direction.

†Logistic regression model with diabetes duration, A1C, sex, SBP, smoking, and ln triglycerides (triglycerides not in the GoKind U.K. cohort).

‡Fisher method *P* values and fixed-effects meta-analysis *P* values and ORs are given.

§SNP is in the last intron of the adjacent gene *DCLRE1C.*

CVD. {#s17}
----

In the FinnDiane cohort, rs3373 close to *SUV39H1* in men and rs17353856 in *SUV39H2* were associated with CVD (*P* = 0.037 and *P* = 0.017, respectively), but the associations did not remain when adjusted for eGFR, A1C, diabetes duration, triglycerides, sex, smoking history, and MAP (OR 2.06 \[95% CI 0.96--4.53\], *P* = 0.073, and 0.66 \[0.40--1.10\], *P* = 0.114, respectively) ([Table 5](#T5){ref-type="table"}). These results could not be replicated in the Steno cohort.

###### 

CVD association in the FinnDiane and Steno cohorts

  Gene                                                     MAF (%)   Allelic association   Genotype association                                                           
  -------------------------------------------- ----------- --------- --------------------- ---------------------- ------------------- ------- ------- ------------------- -------
  *SUV39H1*                                                                                                                                                               
   rs3373 (men)                                FinnDiane   35.4      24.6                  0.037                  2.06 (0.96--4.53)   0.073                               
                                               Steno       25.0      31.2                  0.509                  0.41 (0.08--2.02)   0.273                               
  *SUV39H2*                                                                                                                                                               
   rs17353856                                  FinnDiane   8.6       12.9                  0.017                  0.66 (0.40--1.10)   0.114   0.046   0.66 (0.37--1.15)   0.140
                                               Steno       14.0      14.2                  0.956                  1.02 (0.33--3.19)   0.975   0.769   1.17 (0.33--4.15)   0.807
   rs7900814[‡](#t5n3){ref-type="table-fn"}    FinnDiane   20.1      23.6                  0.132                  0.96 (0.66--1.39)   0.821   0.129   1.00 (0.64--1.57)   0.996
                                               Steno       27.7      31.9                  0.404                  0.52 (0.20--1.31)   0.165   0.522   0.47 (0.14--1.53)   0.209
   rs12572872[‡](#t5n3){ref-type="table-fn"}   FinnDiane   14.4      18.3                  0.067                  0.89 (0.58--1.35)   0.577   0.130   0.91 (0.56--1.41)   0.694
                                               Steno       20.0      19.8                  0.967                  0.91 (0.32--2.61)   0.864   0.956   0.96 (0.28--3.28)   0.951

\*Two-tailed *P* value from χ^2^ test.

†ORs and 95% CI are from logistic regression models with eGFR, A1C, diabetes duration, ln triglycerides, sex, smoking history, and MAP in the FinnDiane cohort and eGFR, A1C, and ln triglycerides in the Steno cohort.

‡SNP is in the last intron of the adjacent gene *DCLRE1C.*

Interestingly, rs17353856 is the same exonic SNP associated with diabetic retinopathy as well as diabetic nephropathy in the FinnDiane cohort. Therefore, we calculated a complication score for each patient. Groups were assessed by the presence of diabetic vascular complications: 0 = no vascular complication; 1 = retinopathy or nephropathy; 2 = retinopathy + nephropathy or CVD; 3 = retinopathy and CVD or nephropathy and CVD; and 4 = retinopathy, nephropathy, and CVD. The rs17353856 major allele C frequencies increased with increasing complication score (*P* = 5.7 × 10^−4^) ([Fig. 2](#F2){ref-type="fig"} and [Supplementary Table 9](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0073/-/DC1)). However, a similar trend could not be replicated in the Steno cohort.

![The rs17353856 C allele frequencies (white bars) and genotype CGG/CGG frequencies (black line) in the complication score groups. The CGG genotype consists of rs17353856 C allele (major), rs7900814 G allele (major), and rs12572872 G allele (major). The complication score groups are formed as follows: 0 = no vascular complications; 1 = diabetic nephropathy or retinopathy; 2 = diabetic nephropathy and retinopathy or CVD; 3 = CVD + diabetic nephropathy or retinopathy; and 4 = CVD, diabetic nephropathy, and retinopathy. *P* values are from the χ^2^ linear by linear association test.](3073fig2){#F2}

DISCUSSION {#s18}
==========

In this article, we present suggestive evidence that an exonic SNP rs17353856 in the *SUV39H2* is associated with diabetic retinopathy in patients with type 1 diabetes. In addition, a variant in the *SETD7* showed a trend toward an association with diabetic nephropathy. The association between the rs17353856 and diabetic nephropathy was borderline significant, but the association between the SNP and diabetic retinopathy was confirmed in a meta-analysis of three studied populations. Because this same SNP showed a trend toward an association with CVD in the FinnDiane cohort, a complication score variable was created. It revealed that the major allele C (risk allele) of this SNP and the adjacent two SNPs in the same haplotype block were more frequent in patients with several vascular complications. This trend was not replicated in the Steno cohort, possibly because of the smaller size of this particular patient cohort.

The synonymous SNP rs17353856 is located in the third or fourth exon of *SUV39H2* depending on the splicing variant. In silico analysis of exonic splicing enhancers around rs17353856 (ESEFinder 3.0) suggests that a putative binding site of the SRSF1 protein is lost with the rs17353856 T allele in the DNA sequence. ESE-binding proteins are involved in precursor mRNA splicing, and according to the Ensembl database automatic transcript annotation pipeline ([www.ensembl.org](http://www.ensembl.org)), *SUV39H2* precursor mRNA could be alternatively spliced by deleting multiple exons and exons carrying rs17353856 among them. In addition, the same sequence in the reverse DNA strand is located in the long last intron of an alternative transcript of the adjacent gene *DCLRE1C* (ENST00000378289).

The rs17353856 is in low linkage disequilibrium with any SNPs nearby in the HapMap CEU population except rs11594111 (A/G) (*r*^2^ = 1.0, HapMap Data Releases 24 and 28 checked). The 1000 Genomes Project Pilot 1 Phase has not come up with new SNPs that would be in high linkage disequilibrium with rs17353856 (data accessed through SNAP SNP Annotation and Proxy Search, [www.broadinstitute.org/mpg/snap/ldsearch.php](http://www.broadinstitute.org/mpg/snap/ldsearch.php)). rs11594111 is in the 3′ UTR of *SUV39H2*. According to UTRScan, this region does not bind any known UTR-binding proteins. There is a microRNA miR101-1 target sequence in the rs11594111 region, and with the G-allele of rs11594111, the continuous complementary to miR101-1 is extended from 7 nucleotides to 11 nucleotides (TargetScan, miRbase). However, *SUV39H2* mRNA is not among the predicted targets for miR101-1 (TargetScan).

Interestingly, rs17353856 in the *SUV39H2* is located next to a G-nucleotide in the DNA sequence (ATA\[C/T\]GGC). It is of note that a CG-dinucleotide is a target for DNA methylation, which is an epigenetic process that can influence gene expression when the DNA sequence near the transcription start site becomes methylated. Less is known about the role of DNA methylation outside the transcription start sites. In a DNA sequence that contains the minor T allele, no site of DNA methylation exists because a CG-dinucleotide is changed to a TC-dinucleotide. If and how this truly affects DNA methylation or gene expression remains an open question.

The rs11100112 is located in the third intron of the *SETD7*. In a meta-analysis, the SNP showed significant heterogeneity when ORs corrected for clinical risk factors were combined. Therefore, the significant effect observed in the meta-analysis should be interpreted with caution. However, this trend-like result is interesting, because at least the allelic effect of the SNP was in the same direction in patients with diabetic nephropathy in all three studied populations.

Logistic regression is a well-established method to analyze SNP data when adjusting for clinical features. To avoid small group sizes of the minor homozygote group, a dominant genotypic model was chosen in the logistic regression analysis. It can, however, be argued that the dominant model does not represent the true effect of the genetic variation on a polygenegic disease such as diabetes complications. In addition, this approach was chosen to adjust for a sufficient number of clinical risk factors for diabetes complications in the regression models and because heterozygous genotype frequencies rather than minor allele homozygous genotype frequencies (for example, for the SNPs rs11100112 and rs17353856) differed more in case subjects and control subjects regarding diabetic nephropathy in the FinnDiane cohort. This result indicates a possible drift toward a dominant genetic effect.

Diabetic vascular complications occur as a result of complex pathological processes, which are activated by chronic hyperglycemia. It is now evident that metabolic memory, whereby diabetes complications continue to develop and progress in some individuals despite their ability to improve their glycemic control, could have long-lasting effects. Several clinical observations support the concept that an earlier period of hyperglycemia can lead to subsequent sustained and long-lasting effects within the vasculature, ultimately resulting in ongoing organ injury and dysfunction. The emerging picture is one of remarkable complexity and, in this context of various vascular complications of diabetes, the increasingly recognized phenomenon of hyperglycemic memory is perhaps the most clinically important and unsolved problem in diabetes ([@B18]).

The recent discoveries that epigenetic modifications are implicated in studies of glucose-mediated injury and specifically that histone modifications are important determinants regulating the longevity of gene-activating events in the context of hyperglycemia have emphasized the potential role of epigenetic events in the pathogenesis of diabetes complications ([@B19]). Our current view of epigenetic changes is mainly derived from primary cell culture experiments and rodent models of hyperglycemic variability. The striking parallel is the identification of proinflammatory molecules that are associated with both transient and chronic hyperglycemia with demonstrable macrovascular disease ([@B8]). Although the initial studies on histone methylation in response to hyperglycemia were performed in aortic endothelial cells, subsequent studies were performed in microvascular endothelial cells with similar glucose-induced changes in histone methylation described. Thus, it is likely that the epigenetic modifications originally reported in cells of a macrovascular origin are also relevant to endothelial cells from other sites including retina and kidney.

The phenomenon of metabolic memory appears to be at least partly attributed to sustained gene-activating epigenetic events associated with SETD7 methyltransferase (H3K4me) and decreased gene-silencing epigenetic events by SUV39H1 (H3K9me2, H3K9me3) ([@B7]). SUV39H2, a close homolog of the SUV39H1, has not been shown to play a proven role in hyperglycemia-induced epigenetic processes in the vasculature. In silico analysis with GeneSapiens shows *SUV39H2* expression in a variety of human tissues including the eye and the kidney, but at a lower level when compared with *SUV39H1*. SUV39H1 and SUV39H2 are essential in all cell types because they regulate telomere length in mammalian cells ([@B20]). Importantly, both SUV39H1 and SUV39H2 are upregulated in human microvascular endothelial cells ([@B21]).

We suggest that the altered function of histone methyltransferases might be an early event in diabetic vascular complications because hyperglycemia induces histone methylation alterations that activate *NF-κB RELA* (*p65*) and further increase the expression of other inflammatory genes. In turn, this inflammatory response can trigger further epigenetic chromatin modifications, thus promoting altered gene regulation of key pathological genes implicated in diabetes complications ([@B22]). It is known that another epigenetic modification, histone acetylation by EP300, increases expression of extracellular matrix (ECM) genes in endothelial cells in the kidney and retina in response to hyperglycemia ([@B23],[@B24]). Most importantly, such an overexpression of ECM genes in mesangial cells of the kidney has been associated with decreased repressive histone marks (H3K9me2/3) and increased activating histone marks (H3K4me by SETD7) in the gene promoters ([@B25]).

Bone morphogenic protein (BMP) signaling is another pathway that is associated with diabetic nephropathy and vascular diseases ([@B26]). This pathway also links SUV39H1/H2 to complications of diabetes because SUV39H1 and SUV39H2 are shown to repress target genes with SMAD1/SMAD5 proteins in the BMP pathway ([@B27]). Genetic variabilty in *SMAD* and *BMP 2/4/7* genes do not associate with diabetic nephropathy ([@B28],[@B29]). Thus, our current study further proves that, at least in diabetic nephropathy, genetic variants in this pathway do not strongly affect the complication. However, the studies in diabetic retinopathy remain sparse.

A well-characterized phenotype is important in genetic case-control studies. Retinopathy was diagnosed slightly differently in the three study populations, which can be seen as a limitation of the study. In the FinnDiane cohort, laser treatment was the diagnostic criterion for diabetic retinopathy, and the diagnosis was verified by the attending physician. Even self-reported laser treatment was shown to be a good indicator of severe retinopathy ([@B30]). In the Steno cohort, a precise diagnosis was done of proliferative retinopathy, whereas in the GoKinD U.K. cohort, the retinopathy diagnosis was self-reported by the patient. Despite these differences, consistent SNP association results could be found across these populations. Another difficulty in the retinopathy study was the definition of control subjects. There is no consensus of an established diabetes duration that could be used and required for the control subjects. In diabetic nephropathy, type 1 diabetes duration of 15 years is the standard used, although it can be argued not to be strong enough for the control definition. We chose not to exclude patients either with albuminuria or with short diabetes duration from diabetic retinopathy control subjects. This approach obviously weakened the control phenotype accuracy but gave more power to the association analyses with a larger numbers of subjects examined. After the original analyses, the effect of diabetes duration in the control subjects was carefully studied in the FinnDiane cohort. It became evident that when type 1 diabetes duration filters were added, the number of control subjects and apparent significance decreased, but at the same time, case and control subjects became genetically more different. The same effect was seen in the replication populations (data not shown).

In conclusion, we found a polymorphism in the histone methyltransferase *SUV39H2* to be associated with diabetic retinopathy. This gene was not previously linked to complications of diabetes, although it is a close homolog of *SUV39H1* that has been shown to play a role in the hyperglycemia-induced inflammatory response. This genetic study of three populations proposes that a variation in this particular histone methyltransferase is protective for a diabetic microvascular complication. It remains to be determined as to the pathophysiological implications of this specific finding and in particular how it relates to the ultimate development of diabetes vascular complications.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0073/-/DC1>.
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